Considerable effort has focused on finding building blocks with which to construct the quantum logic gates (qubits) necessary for a quantum computer (1, 2) . Most proposals utilizing electronic spin states take advantage of nano-fabrication methods to create artificial molecules, or magnetic quantum dots (3, 4) . A Heisenberg-type exchange coupling between dots is achieved by allowing the electronic wavefunctions to leak from one dot to the next. It is this coupling which is the essential ingredient in a quantum device because, unlike classical binary logic, it enables encoding of data via arbitrary superpositions of pure quantum states, e.g. |0 and |1 (2). These superposition states can store information far more efficiently than a classical binary memory. Furthermore, they permit massively parallel computations, i.e. many simultaneous quantum logic operations may be implemented on a single superposition state. For a quantum device to become a viable technology, it should be possible to perform a reasonably large number of quantum operations (∼ 10 4 ) on a single qubit without the superposition states losing phase coherence. Herein lies one of the main technical challenges, as most quantum systems are highly susceptible to decoherence through coupling to their environment (5) .
We demonstrate that single-molecule magnets (SMMs) may be assembled to form coupled quantum systems of dimers (or chains, etc.), with many of the attributes of quantum-dot-based schemes. Most importantly, our electron paramagnetic resonance (EPR) investigations of crystals (large, highly ordered 3D arrays) containing exchange-coupled dimers of SMMs show that decoherence rates are considerably less than the characteristic quantum splittings (∆/h ∼ GHz, where ∆ is the energy splitting and h is the Planck constant) induced by the exchange couplings within the dimers, representing a step forward in the drive towards potential applications involving molecular magnets. Several proposals have suggested possible quantum computing schemes utilizing molecular magnets (7, 6, 8) . The supramolecular (or "bottom-up") approach to materials design is particularly attractive, as it affords control over many key parameters required for a viable qubit: simple basis states may be realized through the choice of molecule; exchange couplings may then be selectively designed into crystalline arrays of these molecules; finally, one can isolate the qubits to some degree by attaching bulky organic groups to their periphery. field which each molecule experiences due to its neighbor within the dimer (12) . The effect of the bias is to shift the field positions of the main MQT steps by an amount of order −JS 2 /µ (where µ is the magnetic moment of a Mn 4 monomer), so that the first step is observed on the hysteresis loop before reaching zero-field. However, the exchange bias by itself does not quantum mechanically couple the SMMs within the dimer.
Before presenting experimental evidence for the coupled nature of the dimers, we develop a quantum mechanical model which takes this coupling into account. Neglecting off-diagonal crystal field terms and inter-molecular interactions, the effective spin Hamiltonian (to fourth order) for a magnetic field (B z ) applied parallel to the easy (z-) axis of a single isolated SMM has the form (11)
whereŜ zi is the z-axis spin projection operator, and the index i (= 1, 2) is used to label the two For the case of two quantum mechanically coupled SMMs, the effective dimer Hamiltonian (Ĥ D ) may be separated into the following diagonal and off-diagonal termŝ
whereĤ 1 andĤ 2 are given by Eq. 1, the cross terms describe the exchange coupling between the two SMMs within the dimer, and the J values characterize the strength of this coupling.
The diagonal zeroth order Hamiltonian (Ĥ 0D , in square brackets) includes the exchange bias J zŜz1Ŝz2 which has been considered previously (12) . In Fig. 2 , we display a schematic of the energy level shifts and splittings (not to scale) caused by the exchange bias, and by the full exchange, for the lowest lying levels at high magnetic fields (M = −9 to −6). The states are numbered for convenient discussion of the data. For clarity, higher lying states with M > −6, including the zero-field | ± In the left-hand panel of Fig. 3 , we display temperature dependent high-frequency EPR spectra obtained at 145 GHz, with the magnetic field applied parallel to the easy (z-) axis of a small (< 1 mm 3 ) single-crystal sample; details concerning our high-frequency EPR setup are given elsewhere (13) . The inset shows a single 6 K spectrum (f = 140 GHz) for a related monomeric Mn 4 complex without head-to-head interactions (14) . The monomer data are typical of most SMMs, showing a series of more-or-less evenly spaced resonances, and a smooth variation in intensity from one peak to the next. By contrast, the dimer spectra exhibit considerable complexity. In spite of this, the simulated dimer spectra (colored traces in the right-hand panel The issue of quantum coherence is best illustrated by examining the splitting of resonances (f) and (g) − this splitting is directly proportional to J xy , and corresponds to the ∼ 9 GHz shift of the (4) S level relative to (5) A (Fig. 2) . If the phase decoherence rate (τ −1 φ ≡ characteristic rate associated with the collapse of a quantum mechanical superposition state) were to exceed 9 GHz, one would expect broad EPR peaks due to transitions between bands of incoherent states; these bands would occupy the gaps between the energies given by the exchange bias picture and the full exchange calculation in Fig. 2 , thereby smearing out most of the sharp features in the observed spectrum. In principle, τ φ is the same as the transverse spin relaxation time T 2 , which can be estimated from EPR linewidths (∆M = ±1 transitions) (18) . However, we know that these widths are dominated by weak dimer-to-dimer variations (strains) in the Hamiltonian parameters, i.e. the actual τ −1 φ is buried within the inhomogeneous EPR linewidths (14, 15, 16) , and is probably much less than 9 GHz. As a worst case, the narrowest EPR lines would imply a decoherence time on the order of 1 ns. In order to determine the real T 2 (≡ τ φ ), one should carry out time resolved (pulsed) EPR experiments, e.g. the free-induction-decay of an initially saturated EPR transition, or Rabi spectroscopy (18) . Time resolved experiments in this frequency range are technically challenging but, nevertheless, represent a future objective.
The magnitudes of the quantum splittings (in frequency units) provide a rough estimate of the rates at which one could perform computations. In comparison to many competing technologies [e.g. NMR (19) ] these rates are high for electronic spin states, i.e. GHz rather than kHz or MHz. The largest quantum splittings (∆/h) for the dimer are on the order of a few tens of GHz.
In fact, ∆τ φ /h represents a rough figure of merit for a quantum device, as it gives an estimate of the number of qubit operations one could perform without loss of phase coherence. For the worst case given above, ∆τ φ /h ∼ 30 − 100; in reality, it may well be 10 4 or greater. The most useful coupled states of the dimer would be the antiferromagnet zero-field 2 −1/2 | + Fig. 1 
